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 Abstract.-Stabilizing selection is a fundamental concept in evolutionary biology. In the presence of a single inter-
 mediate optimum phenotype (fitness peak) on the fitness surface, stabilizing selection should cause the population to
 evolve toward such a peak. This prediction has seldom been tested, particularly for suites of correlated traits. The
 lack of tests for an evolutionary match between population means and adaptive peaks may be due, at least in part, to
 problems associated with empirically detecting multivariate stabilizing selection and with testing whether population
 means are at the peak of multivariate fitness surfaces. Here we show how canonical analysis of the fitness surface,
 combined with the estimation of confidence regions for stationary points on quadratic response surfaces, may be used
 to define multivariate stabilizing selection on a suite of traits and to establish whether natural populations reside on
 the multivariate peak. We manufactured artificial advertisement calls of the male cricket Teleogryllus commodes and
 played them back to females in laboratory phonotaxis trials to estimate the linear and nonlinear sexual selection that
 female phonotactic choice imposes on male call structure. Significant nonlinear selection on the major axes of the
 fitness surface was convex in nature and displayed an intermediate optimum, indicating multivariate stabilizing se-
 lection. The mean phenotypes of four independent samples of males, from the same population as the females used
 in phonotaxis trials, were within the 95% confidence region for the fitness peak. These experiments indicate that
 stabilizing sexual selection may play an important role in the evolution of male call properties in natural populations
 of T. commodes.

 Key words.-Adaptive landscape, call structure, nonlinear selection, selection analysis, selection gradient, stabilizing
 selection.

 Received October 28, 2004.

 By extending Wright's (1931) concept of the fitness land-

 scape in genotypic space to the phenotype, Simpson (1944,
 1953) provided what remains the major conceptual bridge

 between microevolutionary processes (e.g., selection, genetic
 drift) and patterns of macroevolutionary change (e.g., spe-
 ciation, adaptive radiation) (Fear and Price 1998; Schluter
 2000; Arnold et al. 2001; Gavrilets 2004). Although Simp-
 son's conceptualization of the adaptive landscape has enjoyed
 considerable theoretical development (e.g., Lande 1976,
 1979), its importance has largely gone unappreciated by em-
 piricists (Arnold et al. 2001). A fundamental principle of
 evolution on adaptive landscapes is that in the absence of

 frequency-dependent selection the population mean will tend
 to evolve uphill toward an adaptive peak (Simpson 1953;
 Lande 1976; Fear and Price 1998; Arnold 2003). Analytical
 (Lande 1976) and simulation (Burger and Lande 1994) stud-
 ies have provided formal support for Simpson's (1953) pre-
 diction that on an adaptive landscape with a single peak of
 elevated fitness (i.e., under stabilizing selection), the popu-
 lation mean should evolve to match that peak. This prediction
 is central to much of evolutionary biology, yet surprisingly
 few studies have formally demonstrated that populations
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 evolve to match adaptive peaks (Travis 1989; but see Arm-

 bruster 1990; Benkman 1993, 2003; Schluter 2000).

 Although adaptive landscapes (which describe the rela-

 tionship between the phenotype and population mean fitness)
 are rarely estimated (Arnold et al. 2001), the estimation of

 individual fitness surfaces (which describe the relationship

 between the phenotype and individual relative fitness within

 a population) have been the target of numerous empirical

 studies (Kingsolver et al. 2001). Considerable attention has

 been paid to estimates of linear (directional) selection, which

 appears to be widespread (Kingsolver et al. 2001), although

 it remains unclear how strong it may be in natural populations

 (Hersch and Phillips 2004). Less attention has been paid to
 estimating nonlinear selection (Kingsolver et al. 2001; Blows

 and Brooks 2003). Stabilizing selection is convex nonlinear

 selection in which the optimum phenotype is at an inter-

 mediate point in the range of phenotypes in the population

 (Lande and Arnold 1983; Mitchell-Olds and Shaw 1987; Phil-
 lips and Arnold 1989; Travis 1989). It is through the char-

 acterization of quadratic fitness surfaces, and in particular,

 the presence of stabilizing selection on those surfaces, that
 the heuristic fitness peaks envisaged by Simpson (1944,

 1953) may be empirically investigated and visualized.
 There is surprisingly little direct evidence for the impor-

 tance of stabilizing selection (Travis 1989; Schluter 2000),

 and therefore fully characterized fitness peaks, in natural pop-

 ulations. Estimates of convex quadratic selection gradients

 are generally smaller than linear selection gradients (King-

 solver et al. 2001), and of a similar magnitude to concave
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 872 ROBERT BROOKS ET AL.

 quadratic selection gradients, leading to the claim that non-

 linear selection in general (Kingsolver et al. 2001) and sta-

 bilizing selection in particular (Barton and Keightley 2002;

 Zhang et al. 2002; Zhang and Hill 2003) may be relatively

 weak. However, most analyses of stabilizing selection have

 been inherently univariate in nature (e.g., Gerhardt 1991;

 Benkman 1993; Cresswell 2000), even though multiple re-

 gression approaches (Lande and Arnold 1983) may have been

 used to estimate quadratic selection gradients. Blows and

 Brooks (2003) pointed out that the widespread practice of

 ignoring correlational selection (Kingsolver et al. 2001) was

 responsible for underestimating the strength of nonlinear se-

 lection. Canonical rotation (Lande and Arnold 1983; Phillips

 and Arnold 1989) identifies major axes of nonlinear selection

 on fitness surfaces that comprise both quadratic and corre-

 lational selection gradients. Canonical rotation facilitates the

 detection of multivariate stabilizing (or disruptive) selection

 because the quadratic terms describing nonlinear selection

 on each axis can be interpreted independently of one another.

 Consequently, there remains considerable scope for empirical

 estimation of the strength of nonlinear selection, and novel
 tests to assess the evolutionary consequences of its presence.

 Stabilizing Sexual Selection on Male Acoustic Signals

 Mate choice may often exert directional sexual selection

 on male signal traits (Andersson 1994). However, it is also

 possible that intermediate male phenotypes are most pre-

 ferred under some circumstances (Andersson 1994; Mead and

 Arnold 2004). Preference for intermediate trait values is com-

 monly the case for the structural and spectral properties of

 acoustic calls in frogs and crickets because the most effective

 call will be the one whose structure and frequency best match

 the peak sensitivity of the receiver' s psychosensory apparatus

 (Ryan and Wilczynski 1988; Murphy and Gerhardt 2000;

 Stumpner and von Helversen 2001). For example, the central

 auditory system of female cricket frogs, Acris crepitans, is

 most sensitive to an intermediate frequency within the range

 of dominant call frequencies made by males (Ryan and Wil-
 czynski 1988).

 There is evidence that preferences for intermediate fre-

 quencies exert stabilizing sexual selection on male call fre-

 quency in cricket frogs (Ryan and Wilczynski 1988). Several

 other univariate studies (e.g., Ryan and Keddy-Hector 1992;
 Polakow et al. 1995; Ritchie 1996; Murphy and Gerhardt

 2000) indicate that preferences for intermediate values of call

 frequency and various temporal structure measures may like-

 wise result in stabilizing selection on these properties. How-

 ever, analyses need to account for the simultaneous effects

 of selection on all relevant aspects of the phenotype (Jang
 and Greenfield 1998; Ryan and Rand 2003), particularly

 when there are genetic or phenotypic correlations among

 traits. The components of call structure are often phenotyp-
 ically correlated in grasshoppers (Klappert and Reinhold

 2003), field crickets (Scheuber et al. 2003; J. Hunt, M. Jen-

 nions, and R. Brooks, unpubl. data) and frogs (Ryan and
 Wilczynski 1991; Castellano et al. 2002). The use of selection

 analysis techniques that are designed specifically to deal with
 correlated traits (Lande and Arnold 1983; Phillips and Arnold

 1989; Ryan and Rand 2003) is therefore especially pertinent
 to studies of selection on call structure.

 In this paper we investigated the form and strength of
 sexual selection on a suite of five acoustic traits of male
 Teleogryllus commodes, a native Australian field cricket. Our
 primary objective was to describe the pattern of selection that
 female phonotaxis to male calls imposes on male call struc-
 ture in a way that is free of the problems associated with
 unmeasured variables and correlations among traits (Lande
 and Arnold 1983; Mitchell-Olds and Shaw 1987). We over-

 came these traditional limitations of selection analyses by
 constructing artificial male calls, based on the distributions
 of the acoustic traits of males from a single natural popu-

 lation. We played the artificial calls back to females in binary
 phonotaxis trials as a bioassay of their attractiveness, and
 used multiple regression methods to estimate the response
 surface describing male attractiveness (which we refer to as
 the fitness surface). We demonstrated that this surface was
 a single multivariate peak, and used the Box-Hunter (1954)
 technique to estimate the confidence region for the peak.
 Finally, the mean trait values from the calls of four inde-
 pendent samples of males from the same population were
 mapped onto the fitness surface to test the prediction (Simp-
 son 1944, 1953; Lande 1976) that multivariate stabilizing
 selection should lead populations to evolve to match the fit-
 ness peak of such a surface.

 MATERIALS AND METHODS

 The Advertisement Call of Teleogryllus commodes

 The advertisement call of Teleogryllus commodes contains
 two discrete pulse types beginning with a single chirp se-
 quence followed by a variable number of trill sequences that
 are repeated at a faster rate (Hill et al. 1972; Bentley and
 Hoy 1972; Fig. 1). To obtain a sample of calls, we collected
 adult males in the field at Smith's Lakes, New South Wales,
 Australia (32o22'S, 152'30'E), and brought them back to the
 University of New South Wales campus in Sydney. Over the
 following week, we opportunistically recorded the calls of
 15 males in a greenhouse at 20-220C using a Sony Profes-
 sional Walkman (WM-D6C) equipped with a Sennheiser
 (Wedemark, Germany; e845) microphone. We subsequently
 digitized the calls from tape and used Canary software (ver-
 sion 1.2.4; Bioacoustics Research Program, Cornell Univer-
 sity, Ithaca, NY) to measure the following properties of 10
 randomly selected calls per male: the number of pulses in
 the chirp, chirp duration, chirp pulse duration, chirp pulse
 interval, the interval between the chirp and the first trill, the
 number of trills, the number of pulses in and duration of each
 trill, the interval between each trill, trill pulse duration and
 interpulse duration, the interval between the last trill pulse
 of one call and the first chirp pulse of the next call, the
 duration of the entire call, and the dominant frequency of the
 call. We present a schematic illustration of the temporal at-
 tributes of the male advertisement call in Figure 1.

 Many of the temporal measures were positively skewed;
 before further analysis we transformed these measures using
 natural logarithms to generate normal distributions. We cal-
 culated the mean for the appropriate normally distributed
 form of each measure for each male and then estimated the
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 FIG. 1. Schematic representation of the advertisement call of Teleogryllus commodes. Each call comprises a chirp (a) followed by one
 or more trills (b). We manipulated the number of pulses in the chirp (CPN), the duration of the interval between pulses in the chirp
 (CIPD, c), the number of trills (TN), the intercall interval duration (ICD, d) and the dominant frequency of the call (DF, not shown).
 All other call parameters were kept constant. See Table 1 for values used.

 grand mean and standard deviation about that mean for the
 sample of 15 males.

 Design of Artificial Calls

 Lande and Arnold's (1983) multiple-regression-based
 methods for the analysis of linear and nonlinear selection
 were developed explicitly to account for the effects of cor-

 relations among traits. However, strong correlations among
 traits still generate potential problems. Strong phenotypic
 correlations restrict the type of trait combinations that occur

 in real individuals, and thus estimates of selection gradients
 tend to be based on a restricted subset of the possible trait
 values and combinations and may be biased as a result
 (Mitchell-Olds and Shaw 1987). It is also conceivable that

 some combinations of traits that are particularly attractive to

 females may be biophysically impossible for males to gen-
 erate (Ryan and Rand 2003), a situation that would constrain

 the population from reaching some adaptive peaks.
 A further limitation of selection analyses based on multiple

 regression is that they provide correlative (e.g., Blows et al.
 2003) rather than manipulative (e.g., Cresswell 2000) evi-

 dence of selection. When variables that are not measured (and
 thus not included in the selection analysis) have strong effects
 on fitness, estimates of selection on the measured traits may
 be biased (Lande and Arnold 1983; Mitchell-Olds and Shaw
 1987). Therefore selection analysis should ideally be accom-

 panied by manipulative experimentation or path analyses to
 determine the causal basis of selection (Mitchell-Olds and
 Shaw 1987; Sinervo and Basolo 1996; Sinervo 1998).

 We therefore chose to manipulate the following five call
 parameters that do not have strong functional relationships:
 the number of pulses in the chirp (chirp pulse number: CPN),
 the mean duration of the interval between pulses in the chirp
 (chirp interpulse duration: CIPD), the number of trills (trill
 number: TN), the interval between the last trill pulse of one
 call and the first chirp pulse of the next call (intercall du-
 ration: ICD), and the dominant frequency of the call (dom-
 inant frequency: DF). We constructed 300 artificial calls that
 varied only in the above five manipulated traits. Further, we
 ensured that the distribution of each trait followed the same
 univariate distribution as the original 15 measured males, but
 that the five measures were uncorrelated. We first drew five
 independent random numbers between 0 and 1. We then used

 the NORMSINV function in MS Excel (Microscoft Corp.,
 Redmond, WA) to obtain the inverse of the standard normal

 cumulative distribution corresponding to each of the random

 numbers (i.e., to turn a probability into a z-score). The re-
 sulting number, z, is the number of standard deviations above
 or below the mean that the observation would take. We then

 multiplied the value by the measured standard deviation for
 the relevant trait and added the measured mean (i.e., to turn

 a z-score into a measure, x, in the original units). For the two
 variables that had been transformed to natural logarithms
 before we estimated means and standard deviations, we trans-

 formed this value, x, to the original biological scale by raising

 ex.
 We generated 300 random calls in this way, resulting in a

 distribution of uncorrelated call properties with the same uni-
 variate means and standard deviations as the original sample
 of 15 males. Our method allowed us to explore selection on

 each of the five traits without the complications that arise
 due to strong correlations among traits. It provides a practical
 alternative to factorial designs in which we could only have
 examined three values per trait if we had used a similar num-

 ber (i.e., 243) of calls. We held the remaining call properties
 constant, using the mean values from the 15 measured males.

 The unmanipulated values used in our calls are reported in

 Table 1. Each focal call was played against a control call
 (whose attributes are provided in Table 1) in our two-speaker
 phonotaxis trials.

 We synthesized calls using Cool Edit Pro software (version
 1.2; now available as Adobe Audition, Adobe Systems Inc.,

 San Jose, CA). We created the focal calls on one channel of
 a stereo computer file and a control call on the other channel.
 The calls were constructed so that at the start of the file, the

 control call began exactly in the middle and the focal call at

 the beginning. During playback phonotaxis trials, the file was
 started at an arbitrary place and run as a continuous loop to

 ensure that there were no systematic "leader-follower" ef-

 fects (Dyson and Passmore 1988; Greenfield and Roizen
 1993; Dyson et al. 1994).

 Phonotaxis Experiment

 We conducted 1200 two-speaker phonotaxis trials on 300

 females. Each female was used in four phonotaxis trials, each

 trial with a different focal call, run over consecutive days.
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 TABLE 1. Values of call properties that were manipulated and those kept constant in our construction of artificial calls. The values used
 in the control call are given in the right hand column. ms, milliseconds.

 Call property Abbreviation Mean SD Control

 Properties manipulated

 Chirp pulse number CPN 6.447 0.803 6
 Chirp inter-pulse duration (loge) (ms) CIPD 3.325 0.128 3.333
 Trill number TN 2.70 1.14 3
 Intercall duration (loge) (ms) ICD 5.897 0.737 5.897
 Dominant frequency (kHz) DF 3.83 0.14 3.83
 Properties kept constant Value used
 Chirp pulse duration (ms) 29
 Chirp-trill 1 interval (ms) 31
 Trill 1-2 interval (ms) 117
 Trill 2-3 interval (ms)l 141
 Trill pulse duration (ms) 20
 Trill interpulse duration (ms) 8
 Trill 1 pulse number 19
 Trill 2 pulse number 11
 Trill 3 pulse number2 6

 1 Value also used for all subsequent intertrill intervals.
 2 Value also used for all subsequent trills.

 Each focal-control-call pair was used in four phonotaxis tri-
 als: once on a female's first day, once on another female's
 second day, and so on. The order in which calls were used
 in the experiment was otherwise random.

 We presented the calls using SoundEdit 16 (version 2.0;
 Macromedia, San Francisco, CA) software running on an
 iMac G3 (Apple Computers, Cupertino, CA) computer
 through a BOSS (Oxnard, CA) BA-250 audio amplifier to
 two Koss (Hazelwood, MO) HD50 speakers. The speakers
 were positioned centrally on opposite sides of a 106 X 106
 cm arena with their surface flush against the arena walls. The
 arena was fitted with sound insulation acoustic foam to reduce

 reverberation. The speaker through which the focal call was
 played was alternated. Before every trial, we used a Radio
 Shack (Fort Worth, TX) SPL meter to ensure both calls had
 amplitudes of 75 dB (root mean square) at the center of the
 arena.

 Trials were conducted at 20-250C under red light to min-
 imize observer disturbance. The female was first placed in
 the center of the arena under a piece of egg carton that was,
 in turn, under an inverted hemispheric wire tea strainer (di-

 ameter 6 cm). The calls were then played for 1 min before
 we removed the strainer. An observer then watched the fe-
 male through a small hole in the side of the arena until she
 entered the 15-cm radius semicircular choice zone in front
 of a speaker, in which case she was said to have chosen that
 call. Female response time was moderately repeatable (re-
 peatability = 0.428 + 0.03, F297925 = 4.079, P < 0.0001),
 and we obtained similar results when we used the absolute
 preference for a call (whether it was preferred over the control
 call) or a time-weighted preference score. Due to the more
 straightforward biological interpretation (Brodie and Janzen

 1996), we used the absolute preference score.

 Fitness Surface Estimation

 Each trial was assigned a score of 0 if the female preferred
 the control call and 1 if the female preferred the focal call.
 We transformed this score to a mean of one and all traits to
 zero means and unit variances as suggested by Lande and

 Arnold (1983). We then fitted a linear regression including

 all five manipulated call property values in order to estimate

 the vector of linear selection gradients, , (Lande and Arnold

 1983). We then used a quadratic regression model incorpo-

 rating all linear, quadratic, and cross-product terms to esti-

 mate the matrix of nonlinear selection gradients, y, that de-

 scribe the response surface, which we interpret as the mul-

 tivariate individual fitness surface.

 It is possible to underestimate the strength of nonlinear

 selection if one attempts to interpret the size and significance

 of the y-coefficients individually (Phillips and Arnold 1989;

 Blows and Brooks 2003). We therefore explored the extent

 of nonlinear selection by performing a canonical analysis to

 find the major axes of the response surface (Phillips and

 Arnold 1989; see method in appendix 1 of Blows and Brooks

 2003). The strength of nonlinear selection along each of the

 eigenvectors (m;) of the response surface is given by their

 eigenvalues, Xi.
 To estimate selection gradients in a way that is relevant

 to equations of evolutionary change, no transformations of

 the fitness measure apart from conversion to relative fitness

 should be made (Lande and Arnold 1983). However, violation

 of distributional assumptions does create problems for testing

 significance for estimated gradients (Draper and Smith 1981;
 Mitchell-Olds and Shaw 1987). There were thus two prob-

 lems with applying traditional significance tests to our data.

 First, assumptions of normality were violated for our binary
 response variable and for at least two of the five original

 variables, chirp interpulse duration and intercall duration,
 which were right skewed. Second, the use of 300 females to
 obtain 1200 observations meant that some observations (and
 their residuals) were potentially nonindependent. We there-

 fore used bootstrap resampling methods (as suggested by

 Mitchell-Olds and Shaw 1987) to test for bias in our estimates
 of selection gradients based on all 1200 observations, and
 randomization tests to assess the significance of estimated

 gradients. For bootstrap tests for bias we drew one obser-
 vation at random from each female. We then used these 300

 observations in a new multiple regression model to estimate
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 TABLE 2. The vector of standardized linear selection gradients (I) and the matrix of standardized quadratic and correlational selection
 gradients (y). Randomization test: * P < 0.05, ** P < 0.01, *** P < 0.001.

 f3 CPN CIPD TN ICD DF

 Chirp pulse number (CPN) 0.007 0.006
 Chirp interpulse duration (CIPD) -0.003 0.017 -0.006
 Trill number (TN) 0.015 0.019 0.039 -0.040
 Intercall duration (ICD) -0.214*** -0.022 -0.036 0.086* -0.080**
 Dominant frequency (DF) 0.059 0.024 -0.031 0.041 -0.013 -0.047*

 each selection gradient. We then replaced all observations

 and repeated the bootstrap 10,000 times to obtain confidence

 intervals for each gradient. This procedure established that

 our overall estimates were not biased by assuming indepen-

 dence of choice among trials by the same female (P = 0. 185-

 0.659). To assess the significance of the overall estimates,

 we then conducted a randomization test in which response

 scores were randomized across the 1200 trials to obtain an

 expected distribution of each gradient under random choice.

 Probabilities are the number of randomizations (of 9999) in

 which the gradient pseudo-estimate was equal to or farther

 away from zero than the original estimate. We conducted

 separate bootstrap and randomization analyses for the mul-

 tiple regression models for directional selection (i.e., model

 containing only the linear terms) and for the full quadratic

 model. We used the same resampling procedures to assess

 the significance of linear and nonlinear selection on each of

 the eigenvectors extracted from canonical rotation of the re-

 sponse surface (Bisgaard and Ankenman 1996; Blows and

 Brooks 2003).

 Fitness Surface Visualization

 We used thin-plate splines (Green and Silverman 1994) to

 visualize the major axes of the fitness surface extracted from

 the canonical rotation. Thin-plate splines are a nonparametric

 approach that provides a less constrained view of the surface

 than the best quadratic approximation (Blows et al. 2003).

 We used the Tsp function in thefields package in R (available
 via http://www.r-project.org) to fit a spline surface using the

 value of the smoothing parameter, X, that minimized the gen-

 eralized cross-validation (GCV) score. We then plotted the
 surface using R.

 Estimating the Stationary Point and Its 95%

 Confidence Region

 One can estimate the position of the stationary point on

 each eigenvector by differentiating the equation for the ro-

 tated response surface with respect to each eigenvector in

 turn (Phillips and Arnold 1989). Placing confidence on the
 location of this stationary point is somewhat more compli-

 cated. A method for computing a confidence region for the
 location of a stationary point on a response surface was de-

 veloped by Box and Hunter (1954). This method has not been

 applied to evolutionary fitness surface analysis and has, until

 recently, seldom been used in response-surface analysis be-

 cause it is algebraically complicated, and appropriate soft-

 ware has generally been unavailable. Recently, tools have

 been developed to plot Box-Hunter confidence regions (del

 Castillo and Cahya 2001; Peterson et al. 2002). We used a
 program written for the MAPLE computer algebra software
 package (del Castillo and Cahya 2001) to plot the conditional
 95% confidence regions for our rotated fitness surface.

 Test of Whether the Population Mean is at the Peak

 Having established that there was evidence of stabilizing
 selection (see Results), we obtained four independent samples
 of males to test whether the calls of Smith's Lake males are,
 on average, at the fitness peak. We individually reared males
 that were second-generation laboratory descendants of ani-
 mals collected with the original males (on which the call
 designs were based). These descendents were reared on one
 of three diets: high protein (pellets comprising 100% high
 protein fish food), medium protein (75% fish food, 25% oat-
 meal by weight), or low protein (50% fish food, 50% oatmeal;
 for more details on feeding and rearing conditions see Hunt
 et al. 2004). We recorded males between 10 and 25 days
 posteclosion (age did not significantly affect call structure;
 Hunt et al. 2004) in a temperature controlled room set to
 280C. We also collected 30 males from the same field as the
 original males one year later (in March 2003), and recorded
 their calls under the same greenhouse conditions as the orig-
 inal sample of males. We then measured each of the record-
 ings in the same way as for the original males, obtained scores
 for each of the eigenvectors identified above as major axes
 of nonlinear selection for each male, and obtained means of
 those measurements for each of the four samples.

 We tested for differences among the samples in each of
 the dimensions of the fitness surface using multivariate anal-
 ysis of variance (MANOVA). Our approach to assessing
 whether the four independent samples of males is at or near
 to the estimated fitness peak was to compare the mean ei-
 genscore of each sample visually with the 95% confidence
 region for the peak.

 RESULTS

 Standardized linear, quadratic, and correlational selection
 gradients and information on significance from randomiza-
 tion tests are presented in Table 2. There was significant
 directional selection favoring shorter intercall durations, but
 not on any other trait. There was also significant nonlinear
 selection involving intercall duration, including convex (neg-
 ative y) selection on intercall duration and positive corre-
 lational selection on trill number and intercall duration. There
 was significant convex selection on dominant frequency.

 We conducted a canonical rotation of the y matrix of qua-
 dratic selection gradients presented in Table 2 to find the
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 TABLE 3. The M matrix of eigenvectors from the canonical analysis of y. The linear (0i) and quadratic (Xi) gradients of selection along
 each eigenvector are given in the last two columns. The quadratic selection gradient (Xi) of each eigenvector (mi) is equivalent to the
 eigenvalue. Randomization test: * P < 0.05, ** P < 0.01, *** P < 0.001.

 M Selection

 CPN CIPD TN ICD DF 0i Xi

 Ml 0.800 0.497 0.305 -0.057 0.130 0.028 0.018
 M2 -0.446 0.806 -0.001 -0.091 -0.377 -0.017 -0.001
 M3 -0.302 0.003 0.776 0.500 0.240 -0.082* -0.010
 M4 -0.257 0.208 -0.102 -0.405 0.846 0.144*** -0.054**
 M5 0.068 0.244 -0.543 0.758 0.258 -0.160*** -0.119***

 major axes of nonlinear selection. We present the resulting

 M matrix of eigenvectors and their associated eigenvalues in
 Table 3. This table also contains the gradients of linear (0i)
 and nonlinear (Xi) selection on each eigenvector and infor-
 mation on significance derived from randomization tests.

 Four of the five eigenvectors, including the only three along

 which there was any significant selection (M3, M4, and M5)

 had negative eigenvalues indicating convex selection. The

 remaining eigenvector (m1) had a positive eigenvalue, but
 there was no evidence that selection along this eigenvector

 was significantly different from zero. Therefore, although this

 single eigenvector of positive quadratic selection formally
 indicates that the response surface contains a saddle, the lack

 of significant selection on this axis suggests that the surface
 is not significantly different from a multivariate peak in
 shape.

 0.5

 N~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

 ~0.4

 0.32~

 2

 2 1 0 -1 -2 -3
 M4

 FIG. 2. Thin-plate spline perspective-view visualization of the fit-
 ness surface on the two major axes of nonlinear selection, m4 and
 m5. Attractiveness is the probability of a female responding pos-
 itively to the focal call rather than the control.

 The Fitness Surface and the Adaptive Peak

 Examining the eigenvectors along which there was sig-

 nificant linear or nonlinear selection revealed that all three

 had negative eigenvalues, suggesting multivariate stabilizing

 selection. However, along M3, there was only significant lin-

 ear selection rather than nonlinear selection. In contrast, there

 was significant linear and nonlinear selection on M4 and M5.
 The response surface on these two major axes of nonlinear

 selection is shown in Figure 2. The surface and the positions

 in this space occupied by the 300 artificial calls on which

 the surface is based are shown in Figure 3a. It has been

 suggested that the term stabilizing selection only be used to

 describe situations in which there is convex selection and an

 intermediate maximum within the space sampled (Mitchell-

 Olds and Shaw 1987). The local maxima for m4 and m5 are

 within the sampled space (M4 = 1.44, M5 = -0.67; Fig. 2).

 The Box-Hunter (1954) conditional 95% confidence region

 for the location of the stationary point in m4-m5 space is

 shown in Figure 3b. The stationary point, the calls of indi-

 vidual males, and the means of the four independent samples

 from Smith's Lakes are also plotted on Figure 3. All four

 sample means are within half a standard deviation of the
 stationary point and well within the 95% confidence region.
 Even though the sample means are aligned with the peak of

 the fitness surface, many individual males from each of the

 four samples fall outside the 95% confidence region, sug-

 gesting that males are not physiologically or mechanically
 constrained to this area of the fitness surface. MANOVA

 revealed that the only eigenvector on which the four samples

 differed significantly from one another was m2 (Table 4), the

 eigenvector of weakest (and not significant) linear and non-

 linear selection (Table 3).

 DISCUSSION

 We have shown that female Teleogryllus commodes from

 Smith's Lakes orient to male calls in the laboratory in a

 manner that strongly suggests the action of multivariate sta-

 bilizing sexual selection on male advertisement call structure.

 Moreover, the peak of the multivariate response surface suc-

 cessfully predicted the mean phenotype of the natural pop-

 ulation reared under a variety of environmental conditions.
 Mean call parameters from four independent samples of
 males from the Smith's Lakes population were positioned

 within the 95% confidence region of the stationary point on

 the multivariate response surface. This finding is consistent

 with the theoretical prediction (Simpson 1944, 1953; Lande
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 1979) that populations should evolve to match adaptive peaks

 where single peaks occur in an adaptive landscape.

 Stabilizing Sexual Selection on Male Acoustic Traits

 Although tests for nonlinear sexual selection in a range of

 taxa have applied multivariate methods (Jang and Greenfield
 1998; Blows et al. 2003, 2004; Ryan and Rand 2003), none

 of these studies have found clear evidence of multivariate
 stabilizing selection. Ryan and Rand (2003) constructed ar-

 tificial calls to explore the relationship between call prop-

 erties and fitness in the Tuingara frog (Physalemuspustulosus)
 unconstrained by phenotypic correlations among call prop-

 erties. They used a multidimensional scaling approach to un-
 derstand variation in calls, and showed that although the most

 attractive part of the acoustic landscape includes the mean

 call, it was not centered on the mean. This finding suggested
 that the population had not evolved to match an acoustic
 fitness peak, although a formal demonstration of the shape
 of the acoustic landscape would help to clarify whether this
 was the case. Here we have demonstrated not only that there
 is an intermediate peak in the acoustic fitness surface in T.

 commodes, but also that the population mean appears to be
 within half a standard deviation of the peak attractiveness.
 Although this evidence is consistent with call convergence
 on the peak, sexual selection theory suggests that the match
 between female preference and male call structure is likely
 to have also involved female adaptation and preference-call
 coevolution (Houde 1993; Andersson 1994; Mead and Arnold

 2004).

 Historically, traits important in mate recognition have been

 thought to be under strong stabilizing natural selection (Pat-
 erson 1982, 1985; Butlin et al. 1985), and consequently, to
 be relatively invariant. However, univariate studies of mate
 choice in several orthopteran (Butlin et al. 1985; Ritchie
 1996) and anuran (Gerhardt 1991; Ryan et al. 1992) species
 suggest that mate choice alone may be sufficient to exert
 stabilizing sexual selection on the temporal and spectral com-
 ponents of the male's advertisement call. Gerhardt (1991)
 showed that in three species of frogs, mate choice tends to
 exert stabilizing selection on relatively "static" components
 of male signals (i.e., signals that display relatively little var-
 iation, i.e., CV < 5%, among males within populations). By
 contrast, preferences for more variable or "dynamic" com-
 ponents of male advertisement often appear to be strongly
 directional (Gerhardt 1991). Although one explanation for
 these patterns is that stabilizing mating preferences tend to
 evolve when they focus on less variable components of mat-
 ing signals, an alternative explanation is that selection shapes
 the phenotypic variance in these traits. Quantitative genetic
 theory predicts that stabilizing selection may result in the
 genetic variance-covariance matrix of the suite of traits con-
 forming to the orientation of the fitness surface (Lande 1980;
 Cheverud 1984). Therefore, it may be that multivariate sta-
 bilizing selection imposed by the limitations of the female
 sensory system may result in certain components of the sig-
 naling system becoming more stereotyped.

 At a more proximate level, stabilizing selection on male
 call structure may result directly from the properties of the
 female neurosensory system (Greenfield 2002). Selection will

 a
 -4 -

 -2

 2

 4 I |

 4 2 0 -2 -4

 b M4
 -4-

 A

 -2

 A

 A0 0

 ~0D A 0 2 0 00 0 0

 A

 2

 0 0

 4 I I

 4 2 .0 -2 -4

 M4

 FIG. 3. (a) Thin-plate spline contour map visualization of the fit-
 ness surface on the two major axes of nonlinear selection, m4 and
 m5, showing the peak of the surface (+) and the mean call values
 of the four independent samples of males (circles, wild caught
 males; squares, high protein diet; diamonds, medium protein diet;
 triangles, low protein diet). (b) The Box-Hunter conditional 95%
 confidence region (shaded area) for the position of the stationary
 point on the surface, the mean call values of the four independent
 samples of males (closed symbols, as above), and the actual call
 values of the males from these four samples (open symbols).

 favor males that make calls with acoustic and temporal prop-
 erties that best match the greatest sensitivity of the receiver
 (Ryan and Wilczynski 1988; Ryan et al. 1992; Stumpner and
 von Helversen 2001). The most attractive male calls are often
 those with a dominant carrier frequency equal or close to the
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 TABLE 4. Multivariate analysis of variance (MANOVA) comparing means of the four independent samples of males on each of the
 five eigenvectors resulting from canonical rotation of the quadratic fitness surface.

 MANOVA (Pillai's trace = 0.422, F15,228 = 2.49, P = 0.002)

 Sample means ? standard error ANOVA

 Wild High protein Medium protein Low protein F3,78 P
 ml -0.501 ? 0.244 -1.240 + 0.443 -1.566 ? 0.412 -1.641 ? 0.419 2.52 0.064
 m2 -0.866 ? 0.218 -2.467 ? 0.350 -2.330 ? 0.348 -2.786 ? 0.332 10.23 0.000
 M3 0.566 ? 0.157 -0.017 + 0.231 0.115 ? 0.186 0.371 + 0.288 1.54 0.212
 M4 1.089 ? 0.277 1.777 + 0.218 1.518 + 0.229 1.367 ? 0.202 1.35 0.264
 M5 -0.547 + 0.219 -0.820 + 0.147 -0.496 + 0.209 -1.049 ? 0.260 1.26 0.295
 N 30 17 15 20

 frequencies to which female auditory organs are most sen-

 sitive (Ryan and Wilczynski 1988; Hennig and Weber 1997;

 Stumpner and von Helversen 2001) with more extreme fre-

 quencies discriminated against. Likewise, female response to

 the temporal parameters of male calls are subject to filtering

 by the nervous system (Hennig and Weber 1997; Stumpner

 and von Helversen 2001), with calls that have extreme prop-

 erties not eliciting a phonotactic response. For example, fe-

 male T. commodes have different temporal filters tuned to

 pulse duration: one is specific to the duration of pulses in

 the chirp and the other is specific to trill pulse duration (Hen-

 nig and Weber 1997). Within this proximate framework, it

 is possible to envisage how call properties such as dominant

 frequency, chirp pulse duration and chirp interpulse duration

 might be subject to stabilizing selection due solely to the

 properties of the female receptor and processing systems.

 However, more work on the neurophysiology of female T.

 commodes is needed before the proximate mechanisms that

 underlie the pattern of multivariate stabilizing selection are

 fully understood.

 Linear Sexual Selection on Male Acoustic Traits

 Although the predominant form of sexual selection oper-

 ating on the call parameters that we examined was stabilizing,

 it is important to note that the presence of stabilizing selection

 has not precluded the detection of linear sexual selection.
 There was significant directional selection on intercall du-

 ration and on three of the five eigenvectors (m3-mO), in-
 cluding the two eigenvectors on which there was significant

 nonlinear selection. Intercall duration was an important com-

 ponent of each of these eigenvectors, loading in the direction

 opposite to the direction of linear selection in each case.
 Therefore, the significant linear selection gradients associated

 with each of these eigenvectors may be due largely to the

 significant directional selection toward shorter intercall in-

 tervals.

 Male advertisement traits are often under strong directional

 sexual selection (Andersson 1994). Directional selection fa-
 voring shorter intercall intervals may be adaptive in T. com-

 modus because ICD is not only an important component of

 call structure but also contributes to a male's calling effort.

 The effort a male invests in calling is a composite measure

 and includes call intensity (i.e., sound pressure level), bout
 length, the number of calling bouts in a night, and the duty

 cycle of each call. That these traits are consistently preferred
 by females in a variety of acoustic species (Ryan and Keddy-

 Hector 1992; Welch et al. 1998; Castellano et al. 2000; Sim-

 mons et al. 2001; Klappert and Reinhold 2003; Holzer et al.
 2003) is not surprising, because such call attributes are likely
 to be the basis for condition-dependent signals of male quality
 (Welch et al. 1998; Holzer et al. 2003; Hunt et al. 2004).
 Indeed, playback trials conducted in the field at Smith's Lake,
 in which we manipulated the number of calls performed in
 a night in addition to the same five call parameters used in
 this study, suggest that a male's nightly calling effort is under
 strong directional selection (Hunt et al. 2004).

 However, at least some of the directional selection on in-
 tercall duration reported here is likely to be an artifact of the
 method we used to construct our artificial calls. The 15 field-
 collected males whose calls we used to estimate the range of
 phenotypes used in this study were a small sample. Four of
 them had a bimodal distribution of intercall duration esti-
 mates, in which several of the sampled calls were separated
 by intervals of more than one second. Such distributions are
 typical of males calling at the start or end of a bout and
 atypical of a male calling in the middle of a bout. In our call
 recordings of the four independent samples of males, ICD
 rarely exceeded 300 milliseconds in duration. Therefore, it
 is conceivable that the mean of the artificial calls that we
 used in this selection analysis may have been biased away
 from the actual population mean for males in midbout. If
 there is indeed such a bias, then some of the estimated linear
 selection in our analyses may be an artifact of how we de-
 signed the artificial calls rather than a representation of di-
 rectional selection occurring in the field.

 Phenotypic Manipulation and the Fitness Surface

 Although the prediction that populations should evolve
 toward fitness peaks is a powerful heuristic image, demon-
 strating that the population mean is at a peak in the fitness
 surface is complicated by the presence of strong correlations
 between traits that may constrain the range of possible phe-
 notypes in multivariate space. Such strong correlations not
 only bias selection analyses, but also may prevent popula-
 tions from reaching adaptive peaks that comprise untenable
 trait combinations as a consequence of genetic correlations
 (Mitchell-Olds and Shaw 1987) or biophysical constraints
 (Ryan and Rand 2003). For example, in the guppy, Poecilia
 reticulate, genetic correlations among different components
 of male ornamentation may prevent populations converging
 on one of the three peaks identified in a multivariate fitness
 surface describing attractiveness (Blows et al. 2003).

 The ease with which acoustic signals can be manipulated
 using computer call construction has allowed us and others
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 (Ryan and Rand 2003) to further demonstrate the powerful

 inferences about selection that can be gained from manipu-

 lative experiments. By artificially constructing calls with ran-

 dom combinations of the five manipulated call parameters,

 our selection analysis was freed from the usual constraints

 imposed by correlations among trait values (see Mitchell-

 Olds and Shaw 1987; Arnold et al. 2001). The fitness peak

 was within the range of natural, unmanipulated phenotypes,

 indicating that in T. commodes, as in Tuingara frogs (Ryan
 and Rand 2003), biophysical constraints on the types of call

 a male can make do not prevent the population from con-

 verging on the most attractive phenotypic combination. This

 is only likely to be the case when traits are under stabilizing

 selection: on surfaces where there is strong directional or

 disruptive selection, evolutionary change may be constrained

 by biophysical and energetic constraints.

 In conclusion, stabilizing selection and the associated heu-

 ristic imagery of a fitness peak on an adaptive landscape are

 fundamental to how evolutionary biologists attempt to un-

 derstand evolution in natural populations. It is important to

 note that the common approach of analyzing and interpreting

 univariate and bivariate selection gradients will often be in-

 adequate to establish the form and strength of selection acting

 on a set of functionally related traits. We have shown how

 it is possible to statistically define a multivariate fitness peak

 that successfully predicts the position of the mean of the

 natural population within the 95% confidence region of the

 fitness peak. Although a multivariate stabilizing peak was

 found in this system, canonical analysis of the few multi-

 variate fitness surfaces available in the database of Kingsol-

 ver et al. (2001) that report correlational selection gradients

 suggests that such multivariate stabilizing peaks may be un-

 common (Blows and Brooks 2003). The presence of multi-

 variate stabilizing selection therefore remains an important
 but relatively unexplored aspect of selection in natural pop-
 ulations.
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